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Temperature variation of resistivity p and specific heat C 
have been measured for prototypical half-metallic ferromag- 
nets, _Ro.6Sro.4Mn03, with controlling the one-electron band- 
width W. We have found variation of the temperature scal- 
ings in p from r^ T^ {R = La, and Nd) to r^ T'-^ (R = Sm), 
and have interpreted the T'^-law in terms of the anomalous 
single-magnon scattering (AMS) process in the half-metallic 
system. 

72.90.-hy,72.60.-Fg 



So far, several ferromegnetic metallic systems, such as 
Cr02 [|l[ and doped manganites, |l|,p[ are found to be 
half- metallic. Especially, Park et al. M have directly con- 
firmed the half-metallic electronic structure of a doped 
manganite by means of the spin-resolved photo-emission 
spectroscopy. The doped manganites, Ri-xAxMnO^ {R 
and A being the trivalent rare-earth and divalent alkaline- 
earth ions, respectively), has a distorted perovskite struc- 
ture, and hence we can control the one-electron band- 
vsridth W of the Cg-carriers by changing the averaged 
ionic radius ta of the perovskite A-site (chemical pres- 
sure). [^] Thus, the doped manganite is the unique half- 
metallic system whose material parameters, e.g., W, can 
be tuned by the chemical pressure. 

In the half-metallic system, such as doped mangan- 
ites, single-magnon scattering process (~ T^ M) is pro- 
hibited, since only one spin channel is metallic. So, 
Kubo and Ohata |^ have calculated effect of the two- 
magnon scattering process on resistivity p, and have de- 
rived T^/^ dependence. The p — T curve of most of 
the doped manganites, however, shows T^ behavior in 
a wide temperature range in the ferromagnetic phase. 
[0,|| This unexpected temperature dependence has been 
ascribed to the electron-electron scattering. Jaime et al. 
B have carefully measured resistivity of a single crys- 
talline Lao.67(Pb,Ca)o.33Mn03, and have observed T^-^ 
dependence below ~ 50 K. A similar deviation from the 
T^-law has been reported by Furukawa. ||l^ Recently, 
Furukawa |10|] has predicted that an anomalous single- 
magnon scattering (AMS) process gives ^ {T / DsY de- 



pendence, where Dg is the spin- wave stiffness coefficient, 
in a half-metallic system This is because the inverse life- 
time of the majority spin carriers is proportional to the 
density of state (DOS) of the minority carrier band as 
well as the magnon density. If this model is correct, we 
expect that the T^-component becomes dominant with 
the decrease of Dg (oc W). 

In this Letter, we have systematically investigated re- 
sistivity and specific heat for the half-metallic mangan- 
ites, i?o.6Sro.4Mn03, with changing rare earth element 
R. We have found that the scattering process changes 
from at the electron-electron- type {p ^ T^; R =La and 
Nd), the single-magnon- type (p ~ T^; R = Sm and 
Ndo.8Tbo.2) to the two-magnon-type [p ^ T^/^; R = 
Ndo.6Tbo.4) with the decrease of Dg. 

Crystals of i?o.6Sro.4Mn03 {R = La, Nd, Ndo.8Tbo.2, 
Sm and Ndo.6Tbo.4) were grown by the floating-zone 
method at a feeding speed of 10 - 15 mm/h. A stoichio- 
metric mixture of commercial La203, Nd203, Sm203, 
Tb407, SrCOs, Mn304 powder was ground and calcined 
two times at 1350 °C for 24 h. Then, the resulting 
powder was pressed into a rod with a size of (j>5 x 60 
mm and sintered at 1350 °C for 24 h. The ingredient 
could be melted congruently in a flow of air. Large crys- 
tals, typically 4 mm in diameter and 20 mm in length, 
were obtained. Powder x-ray diffraction measurements 
at room temperature and Reitveld analysis indicate that 
the crystals were single phase without detectable impu- 
rity. Except for Lao.6Sro.4Mn03 (Rhombohedral: R3c, 
Z = 2), the crystal symmetry is orthorhombic {Pbnm; Z 
— 4). We further carefully investigated the low tempera- 
ture powder patterns, and observed no trace of the phase 
mixing. To determine the Curie temperature Tc, temper- 
ature dependence of the magnetization M was measured 
under a field of fioH = 0.5 T after cooling down to 5 K 
in zero field (ZFC), and is shown in the inset of Fig||. 
All the samples investigated become ferromagnetic at low 
temperature (downward arrow in the inset) with satura- 
tion magnetization of ~ 3.5 /ie- Tq was determined from 
the inflection point of the M — T curve. We plotted thus 
obtained Tq in FigJ^ against ta. With the decrease of 
TA, Tc decreases from w 360 K for i? = La to « 85 K for 



R = Ndo.6Tbo.4. 

First, we have carefully investigated temperature vari- 
ation of p in _Ro.6Sro.4Mn03, and have found a system- 
atic variation of the scaling relation from ~ T^, ~ T'^ 
to ^ T^/^ with the decrease of rp^. For four- probe re- 
sistivity measurements, the crystal was cut into a rect- 
angular shape, typically of 3x1x0.5 mm'^, and electri- 
cal contacts were made with a heat-treatment-type silver 
paint. In Fig. are shown temperature variation of re- 
sistivity of (a) i? = La and Nd, (b) R = Sm and (c) R 
= Ndo.6Tbo.4. The T^ and T^/^ dependence can be as- 
cribed to the electron-electron scattering [^ and to the 
two-magnon scattering [pi, respectively. We tentatively 
ascribed the T'^-law to the AMS proposed by Furukawa. 

. . . 

To qualitatively estimate the contribution of the re- 
spective scattering processes, we have fitted the p — T 
curve in the low temperature region with the following 
equation: 



p(T) - po = A2T^ + AsT^ + ^9/2^9/2, 



(1) 



where po is residual resistivity estimated by extrapolation 
of the p — T curve. The temperature range used for the 
fitting is far below Tq: temperature range is below ^ 100 
K for i? = La and Nd (Tc > 300 K) and below ~ 40 K 
for R = Ndo.8Tbo.2 and Sm (Tc > 120 K). We estimated 
the relative weight of the respective scattering processes 
with use of A2, A3 and Ag/2'. 
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«3 = / A^T^dt/ / [p{T) - po]dt (3) 
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and 



"9/2 = / """^ Ag/zT^/'dV / " [piT)~po]dt, (4) 











where T^ax ( = 30 K) is the cut-off temperature. 

As described in the introduction, the dominating scat- 
tering process of the half-metallic ferromagnet is ex- 
pected to change with Dg. To evaluate the variation of 
the Dg with chemical pressure, we have measured low 
temperature specific heat C by means of the relaxation 
method. The total specific heat is composed of four parts, 
namely, contribution from conduction electrons, lattice, 
spin-waves and localized 4/-electrons: 



C Cclc + (-^! 



spin 



c, 



lat 



Q 



Sch, 



(5) 



where Cdo, C'spin, Cut and Csch are expressed as 7T, 
aT^/^, l3T^+l3iT^ and 5T-^.e^E/kuT^^^^AE/k^T-^-2^ 
respectively. The additional second term (/3iT^ Q) in 
Ciat is needed to improve the fitting in the higher tem- 
perature region. Note that contribution of the second 



term is small (< 1 - 18 % at 10 K). We show the best- 
fitted results in Fig.y, in which the Schottoky component 
C'sch was subtracted for convenience of explanation. In- 
set shows magnon component of the specific heat (C - 
Csch - Ccio - Ciat) of i?o.6Sro.4Mn03 against T3/2. As 
indicated by straight lines, the component [aT^/"^) sys- 
tematically increases with the decrease of ta {Tc)- Thus 
obtained parameters, i.e., a, (3, Pi, 7, S and AE, are 
listed in table |. The parameters of Lao.6Sro.4Mn03 are 
nearly the same as those of Lao.rSro.sMnOs ceramics. 
p^ We have calculated the Dg-value from a ( = 0.113 

/cg /Ds ), and plotted them in FigJ3(a) against Tq. 
In the same figure, we also plotted the Dj-values (open 
squares) of Lao.7Sro.3Mn03 and Lao.8Sro.2Mn03 deter- 
mined by the inelastic neutron scattering measurements 
|13| . Presently obtained Dg-values are consistent with 
them, even though each value has a large error bar. The 
reduced Dg can be ascribed to the reduced T4^-value of 
the low-Tc compound. 
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To investigate the interrelation between the Dg-value 
and the dominating scattering processes, we plotted the 
relative weight of the resistivity components, namely, 02 
(cqM), 03 (cq.g) and ag/2 (eq.^), in the lower panel of 
Fig.^. With the decrease of Dg (Tc), the dominating 
term changes from r^ T'^ [R = La and Nd), r^ T^ [R — 
Ndo.8Tbo.2 and Sm) to ~ T^/^ (i? =Ndo.6Tbo.4)- 

Now, let us discuss the origin of the close correlation 
between Dg and the dominating resistivity term. Even 
in the half- metallic ferromagnet, the spin fluctuation at 
a finite temperature induces the DOS in the minority 
spin band. In this situation, the single-magnon scatter- 
ing process would be allowed, and would give ~ (T/Dg)^ 
dependence: the scattering intensity is proportional to 
the DOS of the minority carrier band as well as the 
magnon density. Here, we should emphasize that this 
AMS process is enhanced with the decrease of Ds . This 
is consistent with the experimental results: the dominat- 
ing resistivity component changes from '^ T^ (electron- 
electron scattering O]) to ^ T^, when the Dg-value 
decreases below ~ 50 meVA^ (see Fig.^. Therefore, 
the presently observed ^ T'^-law of Smo.6Sro.4Mn03 and 
(Ndo.8Tbo.2)o.6Sro.4Mn03 can be ascribed to the AMS. 
With a further decrease of Dg, the two-magnon scatter- 
ing process, which gives '^ (T/Dg)^^^ dependence g, is 
expected to become dominant. Actually, we observed 
~ r9/2 dependence in (Ndo.6Tbo.4)o.6Mn03 (A - 20 
meVA^). The low temperature deviation from the T^/^- 
law observed in Fig.||(c) may be ascribed to the single- 
magnon scattering process. 

In summary, we have systematically investigated the 
low temperature resistivity p and specific heat C for the 
prototypical half- metallic ferromagnet, i?o.6Sro.4Mn03. 
With the decrease of Dg, the low temperature resistivity 
change from the T^-type to T^^-type due to the AMS pro- 
cess. Here, let us comment on the transport properties 
of the other half-metallic ferromagnets, i.e., Cr02 plp^] 
and Sr2FeMo06 ^^j^. The p-T curves of both the 



compounds seriously deviate from the T^-law in the low 
temperature region below ~ 100 K. |^,|9| Such a devia- 
tion is usually ascribed to the electron-phonon scattering, 
which gives ^ T^-depedence at low temperature. How- 
ever, the AMS is another candidate for the deviation in 
the half-metallic system. 
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TABLE I. Parameters obtained from the specific heat mea- 
surements of 7?o.6Sro.4Mn03. Total specific heat is composed 
of four parts, namely, contribution from conduction elec- 
trons (Ccio), lattice (Ciat), spin-waves (Cspin) and localized 



4/-electrons 
as 7r, aT'^l 
respectively. 
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17.7 
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FIG. 1. Interrelation between Curie temperature Tc 
and average ionic radius ta of perovskite A-site for 
-Ro.6Sro.4Mn03, where iZ is a trivalent rare-earth ion. Inset 
shows temperature dependence of the magnetization M mea- 
sured at 0.5 T after cooling down to 5 K in zero field (ZFC). 
Tc was determined from the infiection point of the M — T 



FIG. 2. Temperature dependence of resistivity: (a) 
Lao.6Sro.4Mn03 and Ndo.6Sro.4Mn03, (b) Smo.6Sro.4Mn03 
and (c) (Ndo.6Tbo.4)o.6Sro.4Mn03. Residual resistivity po was 
subtracted. Solid curves are the best fitted results with equa- 
tion: p{T) - po = A-iT^ + AsT^ + Ag,2T''^^ 
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FIG. 3. Temperature dependence of the subtracted specific 
heat C - Csch of i?o.6Sro.4Mn03 [R = La and Nd). Csch 
is the Schottky component. Solid curves are the best fitted 
results taking into account of contributions from electrons, 
spin- waves and lattice: C - Csch = -yT + aT^^^ + PT^ + 
f3iT^. Inset shows magnon contribution to the specific heat 
(C - Csch - Ceic - Ciat = aT^/^) of i?o.6Sro.4Mn03 against 
T"*". Straight lines are results of the least-square fittings. 



FIG. 4. (a) Spin-wave stiffness coefficient Da (open 
circles) estimated from low temperature specific heat of 
^o.6Sro.4Mn03. Tc is the Curie temperature. Open 
squares are the data obtained by the inelastic neutron 
scattering (Cited from Ref. [13]). (b) Relative weight of 
the resistivity components, i.e., 02, a^ and 09/2., with 
~ T^, ~ T^ and ~ T®''^ dependence. 02, 03 and 
ag/2 are defined by J^'^''^ AzT^dt/ J^""'^[p{T) - po]dt, 
C'^^'' A^T'dt/ J^'—[piT) - po]dt 

and /J'"'"= Ag/iT^/^dt/ J^""-^ [p{T)-po]dt, respectively. T^ax 
(= 30 K) is the cut-off temperature. Each components, i.e., 



A2T\ AsT^ and Ac,/2T''/^ 
low temperature resistivity. 



are determined by fitting of the 
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